The aim of this study was to evaluate the adhesion of human fetal osteoblast cells (CRL-11372) in vitro at 24 h on commercially pure titanium (cp Ti) metal surfaces' crystalline structure and surface roughnesses that are modified by polishing, sand blasting (with alumina (Al2O3)), sand blasting and coating (with titanium oxide (TiO2)), and sand blasting and etching (with oxalic acid). Modified surfaces were characterized quantitatively by a non-contacting optical profilometer in terms of their Rz and Ra values and surface profile diagrams were obtained. These surfaces were characterized qualitatively by scanning electron microscope (SEM) micrographs. The crystalline structures of the coatings were characterized by X-ray diffraction (XRD). CRL-11372 cells were cultured for 24 h and evaluated for their mean total cell counts. Cell morphologies were examined by SEM micrographs. Data were compared by Kruskal-Wallis test followed by Post Hoc LSD test comparisons. SEM micrographs showed variations among the topographies of the surfaces and the morphologies of the cells adhered to these four different surfaces. Cell adhesion was affected by neither Ti chemical composition nor surface roughness within the Ra and Rz parameters used.
Introduction
Immediate implant placement, immediate loading, and use of one stage implant placement procedures have increased the need for newly innovated dental implant surface properties for replacing missing teeth. Implant surface properties, such as chemical composition and texture, a combination of topography and roughness are believed to affect the cell responses [1] - [5] . Recently, bioengineering for roughening pure titanium implants have gained attention. Surface roughness is an important factor in establishing connection between dental implants and host bone tissue. It was shown to be directing the proliferation and morphology of the osteoblasts [6] [7] . Dental implant surfaces can be modified by several subtractive and additive methods which alter the surface morphology and chemical composition in order to change cells' responses. Mechanical processes as sandblasting or chemical processes, such as etching provide concave surface topographies while hydroxyapatite (HA), titanium plasma spray (TPS), physical vapor deposition (PVD) and chemical vapor deposition (CVD) coating processes provide convex surface topographies [8] . In sandblasting, particles like Al 2 O 3 , titanium oxide, glass, calcium phosphate, soluble blasting particles and ruby in different grain sizes are applied to the surfaces at varying pressures to remove the surface material [9] - [20] . Different acid solutions had been used, such as HF, HCl/H 2 SO 4 , combinational dual acid etching with HF & HCl/H 2 SO 4 , and HNO 3 at a wide body of literature [18] [21]- [24] . PVD is also another surface modification method which leads film growth between a substrate surface and an adjacent vapor generated from a target and transported to the substrate's surface providing a newly formed surface quality maintaining the mechanical properties of the bulk Ti substrate [25] .
Osteoblast-like cell attachment, behavior and protein adsorption from serum up to 24 h on metal (oxide) surfaces comprising variations in chemistry indicated that effects of charge may be mediated by differential protein adsorption to the different metals on the micropatterned surfaces [26] . Higher roughness values were claimed to improve attachment and proliferation, while lower roughness values committed the cell to differentiation [27] . However, the ideal crystalline structure and value of surface roughness for the optimal bone-implant contact remains unknown and in vitro biocompatibility of the surface-modified titanium surfaces need to be evaluated in terms of the cell responses in contact with them.
The aim of this in vitro study was to evaluate the effect of surface roughnesses and crystalline structures of modified surfaces on CRL-11372 cells' morphological behavior and adhesion after 24 h.
Materials and Methods

Sample Preparation
A total of 16 commercially pure Ti discs (grade 2, Friadent GmbH, Mannheim, Germany) measuring 10 mm in diameter and 2 mm in thickness were grounded and polished up to a 1 μm diamond abrasive suspension with metallurgical papers to obtain a mirror finish surface using Struers RotoSystem (Struers, Glasgow, England).
Four groups (each n = 4) of surface-modified Ti discs were prepared and characterized as follows: • Polished surfaces (P): Polished Ti discs.
• Sandblasted surfaces (S): Sandblasted Ti discs. Al 2 O 3 particles of 800 μm grain size under a pressure of 6 bars were used for sandblasting. Distance from the discs to the jets was approximately 10 cm, and the Al 2 O 3 particle stream hit the surface at an angle of 90˚. Blasting of each disc was performed with repeated horizontal movements during a 10 s period.
• Sandblasted & TiO 2 coated surfaces (SC): TiO 2 coated sandblasted Ti discs. Al 2 O 3 particles of 800 μm grain size under a pressure of 6 bars were used for sandblasting; TiO 2 films were deposited in 100% O 2 environment using a pure Ti cathode. The O 2 gas flow was adjusted by independent mass flow controllers and the total pressure was maintained at 7.5 mTorr by setting the total gas flow rate to 60 sccm during the deposition process. Coating was conducted in an Arc-PVD unit (Model NVT-12, Novatech-SIE, Moscow, Russia). Experimental conditions were as follows: arc current, 50 A; cathode substrate distance, 250 mm; deposition time, 10 min. Samples were produced with a magnetic focusing having a magnitude of 7.92 mT. S discs were sputtered before each deposition process for heating the surface and removing the oxide layer from the surface.
• Sandblasted & acid etched surfaces (SE): Acid etched sandblasted Ti discs. Al 2 O 3 particles of 800 μm grain size under a pressure of 6 bars were used for sandblasting. 10% oxalic acid at 90˚C for 20 min was used to generate SE surfaces.
Cleaning and Sterilization of the Discs
After surface preparation, the P and S discs were washed in acetone and detergent for 15 and 5 min, respectively. These discs were then rinsed thoroughly in distilled water and propanol ultrasonically. To avoid or minimize changes in surface texture after processing, SC and SE discs were not subjected to this cleaning process. These two surfaces were thought to be clean in terms of their surface preparation methods. The discs were contained in a desiccator between the different surface treatment intervals. All of the discs were sealed with autoclave packets and sterilized by gamma radiation (25 kGy) before cell culture test.
Surface Characterization
Surface morphologies of the discs were characterized quantitatively by a non-contacting optical profilometer (Perthometer S8P, Perthen-Mahr, Göttingen, Germany) which had a laser beam that is 1 μm in spot diameter. Each sample was measured at one site. 20 scans were performed over a measuring area of 1.750 × 1 mm at a scan rate of 0.5 mm/s. Vertical resolution was 25 μm and horizontal resolution was 250 μm for all measurements. A Gaussian filter was used to exclude form and waviness from roughness. The size of the filter was set to 50 × 50 μm. Two height-descriptive parameters as R a and R z were used to quantify the surface roughness. SEM (JSM5410, JEOL, Tokyo, Japan) was employed in order to characterize the surface morphology of the discs at a 10 kV acceleration voltage and ×350 magnification.
The crystalline structures of the coatings were characterized by X-ray diffraction (XRD). Analyses were carried out on modified surfaces using a Philips PW 3710 diffractometer, with Cu-Kα radiation and a graphite monochromator, operated at 20 kV and 10 mA. The samples were measured from 20˚ to 80˚θ with a step size of 0.01˚2θ min −1 .
Cell Culture and Data Analysis
Human fetal osteoblast cells (CRL 11372, ATCC American Type Culture Collection, Manassas, VA, USA) were used for the cell adhesion experiments in this study and the experiments were performed in the Department of Histology and Embriology, Istanbul Medical Faculty, Istanbul University (Istanbul, Turkey). Cells were cultured in DMEM-F12 medium supplemented with penicillin (100 units/ml) and streptomycin (100 μg/ml) , L-Glutamine (2.5 mM), HEPES buffer (15 mM), sodium pyruvate (0.5 mM), sodium bicarbonate (1.2 g/L), G418 sulphate (0.3 mg/ml), 10% fetal calf serum in 25 cm 2 flasks. The cells were allowed to adhere on the substrates at 34˚C in a humidified atmosphere of 5% CO 2 (CO 2 Incubator MCO-17AI, Sanyo, Japan). Medium were changed every 3 days and they were subcultured (0.25% trypsin). All tests were performed at the fourth or fifth subculture. The cells were counted and the concentration was adjusted to 1 × 10 5 cells/ml with 100% viability. The discs were placed in sterile six-well plates. A specially made titanium forceps were used to hold the discs to prevent any contamination of the surfaces by other metals. On every sample, 50 μl of a cell suspension was applied and the cells were allowed to attach for 60 minutes to the underlying substrate, afterwards 1 ml of culture medium was added into each well. Cells grown on glass discs were used as Control Group (CG) for the cell culture assay. Cell adhesion on each surface at 24 h from plating was measured by counting the cells in a hemocytometer after trypsinization at the end of 24 h.
Morphological Analysis
SEM was employed in order to evaluate cell morphologies after the 24 h cell adhesion assay. Washed samples containing cell layers were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 1 h at 4˚C. Cells were washed twice for 10 min with 0.1 M sodium cacodylate buffer and post-fixed in 1% osmium tetraoxide for 1 h at 4˚C. Cells were dehydrated stepwise in graded acetone series and incubated in amyl acetate. The samples were critical-point dried, sputter-coated with gold-palladium and then viewed under a SEM (JSM5200, JEOL, Tokyo, Japan) at an accelerating voltage of 20 kV and various magnifications.
Statistical Evaluation
All measurements were done four times and expressed in mean ± standard deviations. The difference between the means for each group was analyzed for statistical significance by Kruskal-Wallis test followed by Post Hoc LSD test comparisons using SPSS 10.0 (SSPS Inc., Chicago, IL, USA) software program. Statistical significance was considered at a probability P < 0.05.
Results
Surface Characterization
The R a and R z values referring to the quantitative surface roughness measurements for each of the four types of surfaces are presented at the Figure 1 and Figure 2 . Their computerized images for these measurements are displayed in Figure 3 . The P surfaces had the lowest deviation in height among the four types of surfaces. The SE surfaces demonstrated the highest increase in R a values while S surfaces demonstrated the highest increase in R z values.
The morphology and the texture of these surfaces are illustrated by scanning electron micrographs presented in Figure 4 . Only a few scratching marks remaining from grinding and polishing process are visible on the P discs without showing orientation. Surface contaminants originating from lubricating fluids used in machining tools were seen as dark spots on these micrographs (Figure 4(a) ).
Coarse blasting process of the P discs with the grain size of 800 μm Al 2 O 3 particles showed an aggressive surface deformation with pits on the order of 1 -10 μm. Qualitative analysis with the SEM micrographs presented the blasted discs as the roughest surfaces among all the surfaces. Impact of the 800 μm Al 2 O 3 particles hitting the surface had created smooth spots of 5 -50 μm width. These surfaces presented many embedded Al 2 O 3 particles, which have not been eliminated after ultrasonic cleaning process (Figure 4(b) ).
SEM micrographs of the TiO 2 film coated surfaces appeared rough in topography and were characterized by numerous scattered droplets of TiO 2 layer, which have spread onto the sandblasted surface topography. This layer was observed to soften the sharp profile of the hills and shallow the deep valleys by filling into them. Al 2 O 3 particles were also coated with TiO 2 layer (Figure 4(c) ). Oxalic acid etching of the S surfaces created a 0.5 μm pitted microtopography at the SE surfaces coinciding onto the macrotopography of the S surfaces. Etching with oxalic acid solution was not able to dislodge the embedded Al 2 O 3 particles from the S surfaces (Figure 4(d) ).
XRD patterns of the modified surfaces are shown in Figure 5 . P surfaces were composed of pure titanium (Figure 5(a) ). XRD patterns of the S surfaces consisted of Al 2 O 3 and Ti peaks (Figure 5(b) ). Coating the sandblasted surfaces with TiO 2 revealed intense peaks of Ti and anatase, where minute amounts of rutile and TiO were observed in these SC surfaces (Figure 5(c) ). Etching the sandblasted surfaces with oxalic acid at the SE surfaces created peaks of Ti and TiH 2 ( Figure 5(d) ). Meanwhile, no phases of Al 2 O 3 were detected at the SC and SE surfaces. 
Cell Adhesion and Morphological Evaluation
After 24 h of culture, cellular adhesion differed significantly between the modified surfaces (P = 0.0001). The results were presented in Figure 6 . When the different surface modified groups were compared, both the CG and S discs presented significantly higher mean total cell counts compared to the other surfaces. Cells had spread well on all titanium samples at the SEM micrographs ( Figure 7) . P and S surfaces as well as the CG were able to form a confluent monolayer, indicating good adhesion. Variations between cellular morphology were observed between the four different surfaces. Inspection of the deeper metal surface exposed by artificial ruptures in the matrix was shown in Figure 7 (a) and Figure 7(b) . Cells followed the underlying topographical structure of the SC and SE surfaces by the formation of an oriented adhesion along the hills and valleys of these surfaces. The amounts of cells on SC and SE surfaces were shown to be less dense than that on P and S surfaces. Neighboring cells in all surfaces were shown to maintain physical contact with each other through their multiple cytoplasmic extensions (Figure 7) . SEM micrographs of CG showed perfect confluency and some cells that are at the interphase and mitosis stages of their cell cycle were observed at these micrographs (Figure 7(e) ).
Discussion
Through understanding of the dental implant surfaces and cellular interactions, there can be a better way of developing more active dental implants. In vitro cell behavior is oriented by the morphology and composition of the modified titanium surfaces. In vitro cytotoxicity tests are the first step of the screening tests by which a toxic material is eliminated at the initial step allowing the other test materials to proceed to further, more expensive, sophisticated, and time consuming testing methods [28] . In vitro models highlighted the cellular mechanisms better than the in vivo models and the clinical studies. Nontransformed cell lines, osteosarcoma cell lines and intentionally immortalized cell lines may reflect the approach of the in vitro osteoblast-like cell culture models in [34] . In this study, CRL-11372 had been cultured onto the created titanium surfaces in order to mimic normal osteoblast cell lines' responses as had been used in some earlier studies in a similar fashion [35] [36] .
Cell attachment is the initial phase of proliferation and differentiation consequently leading to osseointegration [37] . Understanding the mechanisms underlying the concept of osseointegration requires knowledge of cell attachment, migration, growth and differentiation as well as secretion of extracellular matrix to different titanium surfaces. Cell culture systems are excellent models for studying these complex events [10] . Culturing methodology of the osteoblast cells affects the outcomes of the experiments. Vertical or horizontal leveling of the specimens' surface and method of inoculating the cell suspension onto the specimens play a key factor in the cell culture experiments [27] [38] . In our study, titanium discs were first placed into wells and the cell suspension was incubated on these surfaces before the medium had been added to the wells similar to a previous study [39] . By this method, cells initially incubated on the surfaces were tried to get protected from the probable drop down to the well bottom. But, this effort was not sufficient to upgrade the initial cell adhesion on the P surfaces when compared with the S surfaces (Figure 6 ). This finding was in accordance with the results reported by Yang et al. [31] who claimed that, compared to cells on porous surfaces some cells on dense surfaces had easily dropped down to the well bottom from the 2 mm-thick-plate samples while placing the cells onto them. This emphasizes the need for more other methodical precautions to be taken to prevent the drop down of the cells to the well bottom during the cell culture assays.
Seeding concentration was set to 1 × 10 5 cells/ml to assure that the cells do not influence other's orientation behavior by getting into contact with each other [6] [40] . Our morphological observations of CRL-11372 cells evaluated by SEM did not indicate any cytotoxic effect. Cells were undamaged and they exhibited well-arranged cytoplasmic extensions, providing visual evidence of adhesion over these modified titanium surfaces in compliance with the previous studies [41] [42] . CRL-11372 cells on the SC and SE surfaces were intimately adapted to the underlying surface topography morphologically (Figure 7(c) and Figure 7(d)) . Although mean total cell counts of these surfaces were lower than P and S surfaces, more intimate cell-surface contacts were obtained on these surfaces (Figure 6, Figure 7 (c), and Figure 7(d) ). These findings are in consistency with the parameter called "adhesion power" at which it is observed that human osteoblast-like cells were supposed to be more sensitive to the organization and morphology of roughness rather than to amplitude [43] . Contrary to these findings, P and S surfaces avoided contacting bodily to the underlying surface topography. Cells on the P surfaces relatively lacked anchorage and they spread slowly (Figure 7(a) ). The ruptures in the cell matrixes were artifacts mostly seen at the other studies resulting in due to shrinkage of cells during the drying procedure of the specimen's preparation [10] [42] [44] . Rough S surfaces with unordered pits, sharp edges and steep angles seemed to divert the cells' adhesion behavior constraining them to attach by their cytoplasmic extensions to the available sites on the surface and to the neighboring cells (Figure 7(b) ). These findings are in agreement with the data of Lumbikanonda and Sammons [45] who had notified that osteoblast-like cells lacked adaptation to polished surfaces, where on rough TPS surfaces these cells spanned over the surface, creating spaces or gaps underneath. In this regard, Lange et al. [15] concluded in their study that large grain sized corundum blasted surfaces exhibited cell morphologies bridging the valleys and they attached only with their extensions to the hills limiting their surface area attaching to the underlying substrate.
At literature, particle sizes used in sand blasting processes generally don't exceed 600 µm and the application forces vary between 3 -6 bars [41] [46]- [48] . In this study, 800 µm of particle size and an applied pressure of 6 bars had created aggressively roughened surface profiles. The coarsest surfaces among the four surfaces were the SE surfaces that were sandblasted with 800 μm particles and etched with oxalic acid. S surfaces showing coarse pits on the order of 1 -10 μm have been smoothened by the acid etching process to add a 0.5 μm pitted topography over the existing surface topography (Figure 4(b) and Figure 5(d) ). Although no significant differences were found between the R a and R z values between the S and SE surface, SEM image analyses represented different surface morphologies (Figure 1, Figure 2, Figure 4(b) , and Figure 5(d) ). In a similar fashion, Mustafa et al. [49] reported that after sandblasting with 106 -180 µm and 180 -300 µm sized particles, the created surfaces had presented different surface homogeneity at their SEM micrographs contrary to their similar surface roughness values. This marked the need for quantitative evaluation methods as well as complementary qualitative evaluation methods when characterizing a surface topography.
S surfaces had shown significantly higher mean total cell counts than the P, SE and SC titanium surfaces (Figure 6) . But, in terms of R a values no significant difference was found at this surface compared to the SE and SC surfaces. Similarly, in terms of R z values no significant difference was found at this surface compared to the SE surfaces (Figure 2) . The mean total cell counts of adherent cells were not affected by surface roughness. Mustafa et al. [49] claimed that [3H]-thymidine incorporation into the osteoblast-like cells had increased with increasing surface roughness values, indicating DNA synthesis to be surface roughness dependent. On the contrary to these studies; Lauer et al. [50] confirmed our suggestions in their study, claiming that the roughness of the titanium surfaces didn't affect the behavior of the osteoblast-like cells. Rosa and Beloti [51] repoted that cpTi blasted with 25-, 75-, and 250-µm of Al 2 O 3 particles would optimize osteoblastic differentiation by rat bone marrow cells, including reduced cell proliferation and increased ALP activity and bone-like nodule formation, while surface roughness would not affect cell attachment significantly. The time scale; 2 h, as used in this evaluation, was suggested as a short time for evaluating cell attachment.
Surface chemistry and/or microcrystallinity of Ti and Ti-6Al-4 V was found to have an early influence on the cellular differentiation of human bone derived cells [52] . Anselme et al. [53] reported that the differences between polished and sandblasted surfaces at their experiments weren't related neither to Ti6Al4V substrates roughness nor to surface chemistry alterations. Wennerberg et al. [46] observed no negative effects resulting from the aluminum ions found on the implant surface following the sandblasting procedure. Similarly, sandblasting with Al 2 O 3 particles didn't negatively affect the mean total cell counts of the S surface which had high peaks of Al 2 O 3 at the XRD of these samples.
Titanium oxide layers produced on samples with cytotoxic components were found to shield the cells from toxic alloying elements, with the result that the cell reaction is influenced only by the thin titanium oxide surface layer and not by the composition of the bulk material [30] . Minor variations in substrate composition and topography were found to exhibit significant differential osteoblast responses to cpTi grades 1 and 4 [54] . At the SE surfaces these Al 2 O 3 particles were coated with titanium oxide layer (Figure 5 ). Since the Al 2 O 3 didn't act cytotoxic, titanium oxide layer at the SC surface acted as a new surface layer for the cell responses which showed lower mean total cell counts (Figure 6 ). SE surfaces displayed embedded Al 2 O 3 particles where at their XRD no Al 2 O 3 peak was observed depending on the area measured at the XRD ( Figure 5) . The surface mostly included Ti and TiH 2 peaks originating from the oxalic acid etching. These TiH 2 peaks acted more biocompatible than the titanium oxide peaks of anatase and rutile. This detrimental effect may be attributed to the probable photocatalytical activity of the anatase peak present at the SC surfaces ( Figure 5 ). TiO 2 exhibit significant cytotoxicity and potential photogenotoxicity under UV light irradiation [55] . During the cell culture assay stages at the laminar hood under UV light, anatase form of TiO 2 over the SC surfaces may have presented photocatalytical effect over the cells incubated onto them lowering the mean total cell counts for these surfaces.
Conclusions
CRL-11372 cell culture system permits a reproducible examination for investigating the biocompatibility of dental implant materials in vitro. We have to conclude that our in vitro study could not clearly confirm an effect of surface roughness and composition on the morphology and adhesion of CRL-11372 cells cultured on surfaces. Further studies with additional assays may be needed to clarify the issues arising from the experiment results for interpretation of the cell physiology over the biomaterials.
All research within this study has been done in vitro. No section or portion of the work has yet been tested in vivo. This thus allows the work to conform to the ethical principles presented in the Helsinki Declaration of 1975, placing the patient's health in topmost priority, by performing initial testing on in vitro specimen.
